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HIGHLIGHTS  GRAPHICALABSTRACT 


•  Environmentally  friendly  super¬ 
capacitors  are  fabricated  on  a  paper 
substrate. 

•  Deep  eutectic  solvents  based  on 
chlorine  chloride  are  used  as 
electrolyte. 

•  The  materials  used  are  inexpensive 
and  the  entire  supercapacitor  is 
printed. 

•  Electrodes  are  printed  using  a  screen 
printer  in  a  pilot  scale  production 
line. 

•  Glyceline™  has  the  highest  capaci¬ 
tance  and  highest  power  density. 
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Environmentally  friendly  supercapacitors  are  fabricated  using  commercial  grade  aluminum  coated  paper 
as  a  substrate  and  symmetrical  activated  carbon  electrodes  as  large  area  electrodes.  Different  choline 
chloride-based  eutectic  solvents  are  used  as  electrolyte.  These  are  inexpensive,  environmentally  friendly 
and  have  a  larger  operating  window  compared  to  that  of  water  electrolytes.  As  the  entire  device  is 
printed  and  the  materials  used  are  inexpensive,  both  small-  and  large-area  power  sources  can  be 
fabricated  to  be  used  in  cheap,  disposable  and  recyclable  devices.  Supercapacitors  with  different  eutectic 
solvents  are  measured  using  cyclic  charge— discharge  and  impedance  spectroscopy  measurements  and 
compared  to  one  widely  used  and  one  “green”  imidazolium  ionic  liquid;  EMIM:TFSI  and  EcoEng  212™, 
respectively.  A  mixture  of  ethylene  glycol  and  choline  chloride,  Glyceline  ™,  show  the  highest  capacitance 
and  power  densities  of  the  electrolytes  being  tested,  including  the  imidazolium  alternatives. 
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1.  Introduction 

Supercapacitors  (SC)  [1  are  used  in  energy  storage  applications 
especially  when  high  power  peaks  are  required  to  be  absorbed 
(stored)  or  delivered.  A  typical  SC  consists  of  two  large  area 
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electrodes  separated  by  a  porous  membrane,  i.e.  a  separator.  The 
electrodes  are  typically  made  of  activated  carbon  (AC)  powder  that 
is  bound  using  fluorine  containing  polymers.  The  ion  conductive 
electrolyte  fills  the  voids  in  the  electrodes  and  the  separator.  As 
electrolytes,  aqueous  alternatives  containing  e.g.  KOH  2],  H2SO4 
[2],  and  even  NaCl  or  other  salts  such  as  sulfates  and  carbonates  are 
often  used  [3  .  But  also  organic  solutions  such  as  propylene  car¬ 
bonate  or  acetonitrile  with  tetraalkylammonium  salts  [4-6]  or 
ionic  liquids  (IL)  [7-9]  such  as  EMIM:TFSI  10]  are  also  commonly 
used.  In  high  power  density  applications,  or  when  making  small 
SCs,  the  organic  alternatives  are  advantageous  as  they  can  with¬ 
stand  voltages  up  to  3-5  V  (water  electrolyte  SC  degrade  around 
1.2-1. 5  V)  giving  higher  power  densities  and,  hence,  higher  powers 
per  unit  area  are  reached. 

Today's  society  is  increasingly  moving  towards  capturing  and 
transmitting  data,  i.e.  moving  towards  realizing  “the  Internet  of 
Things”,  where  everything  is  connected.  To  reach  this  there  is  a 
need  for  small  sized  power  sources  that  can  be  applied  in  identi¬ 
fication  and  data  storage/transfer  devices  as  well  as  in  miniaturized 
sensors  systems.  The  supercapacitor  being  a  simple  power  device, 
both  in  terms  of  materials  choices  as  well  as  in  fabrication  pro¬ 
cesses,  can  be  of  great  use  in  such  applications.  Active  type  tags  and 
sensors  require  a  suitable  power  source  to  fully  utilize  their  po¬ 
tential  allowing  greater  memory  capacity  in  the  tag  and  increasing 
the  range  from  which  the  tag  can  be  read  11  .  These  tags  are  often 
intended  to  be  used  as  integrated  parts  of  recyclable  or  disposable 
(burnable  or  biodegradable)  products.  Hence  the  materials  of 
choice  should  be  inexpensive  and  safe,  and  obviously  the 
manufacturing  methods  and  materials  choice  should  both  result  in 
low-cost  products  as  well  as  having  a  low  carbon  footprint.  Further, 
many  of  the  objects/things  envisaged  of  being  tagged  are  by 
themselves  small,  or  the  tag  needs  to  be  nonintrusive  (or  physically 
small  for  other  reasons).  Here,  a  solution  which  combines  the 
environmentally  friendliness  of  water  electrolytes  with  the  higher 
voltage  capabilities  (i.e.  higher  power  per  unit  area)  of  the  organic 
salts  (IL  and/or  organic  salt  solutions)  would  be  attractive.  These 
demands  are  not  easily  met  using  the  traditional  materials  and 
material  combinations  mentioned  above. 

In  the  above  described  applications  photovoltaic  cells  or  small 
size  primary  or  secondary  batteries  can  be  used  as  the  main  power 
source.  On  the  other  hand  a  combination  of  any  of  these  with  a  SC  is 
also  a  feasible  possibility,  especially  for  applications  where  high 
current  output  is  required  only  for  short  periods  of  time.  For 
instance  environmentally  friendly  biobatteries  -  although 
providing  low  peak  current  output  on  their  own  -  is  a  “green” 
alternative  that  can  be  used  in  a  wide  range  of  applications  when 
integrated  with  a  printed  supercapacitor  [12  . 

The  manufacturing  of  these  small  sized  supercapacitors  by 
printing  methods  is  essential  to  facilitate  inexpensive 
manufacturing  process.  The  same  manufacturing  route  can  be 
applied  when  preparing  supercapacitors  of  larger  sizes  and/or  for 
other  applications,  as  printing  processes  allow  up-scaling  by  facil¬ 
itating  the  manufacturing  of  either  a  large  number  of  small  com¬ 
ponents  or  large  area  ones.  The  manufacturing  of  supercapacitor 
electrodes  using  printing  techniques  has  been  described  in  patents 
[13,14]  and  scientific  reports  12,15-21  .  A  solution  based  process 
that  can  be  modified  to  screen  printing  has  been  reported  in  the 
preparation  of  polyaniline-based  supercapacitors  [22].  Batteries 
and  supercapacitors  of  carbon  nanotubes  and  room-temperature 
ionic  liquid  electrolytes  have  been  constructed  using  paper  as  a 
substrate  material  [23  . 

The  supercapacitors  presented  in  this  paper  are  of  the  non- 
Faradaic  electric  double  layer  capacitor  (EDLC)  kind.  This  means 
that  no  charge  is  transferring  between  the  electrode  and  the  ion 
conductive  dielectric  when  the  capacitor  is  being  charged  i.e.  the 


charge  is  being  stored  electrostatically  on  the  electrodes.  As  there 
are  no  electrochemical  processes  (ideally)  taking  place,  i.e.  no 
reduction  or  oxidation  of/at  the  electrodes,  the  supercapacitors  can 
stand  more  charging-  and  discharging  cycles  (>100,000  switches) 
than  secondary  batteries,  in  which  reduction/oxidation  processes 
typically  reduce  the  cycle  life  to  below  5000  cycles. 

Environmentally  friendly  SC  have  previously  been  realized  using 
water-based  electrolytes  with  NaCl  as  the  salt.  [17  These  devices, 
however,  are  limited  by  their  operating  window  as  water  is  elec- 
trochemically  dissociated  above  1.23  V.  This  severely  limits  their 
power  storage  capabilities  and  to  achieve  higher  voltages  the  SC 
cells  need  to  be  serially  connected  which  complicates  their 
manufacturing  processes.  For  these  applications  where  higher 
voltages/power  density  is  needed,  ionic  liquids  are  useful  since  they 
have  a  larger  electrochemical  window  compared  to  that  of  water- 
based  electrolytes. 

When  ILs  have  been  used  in  SC,  the  ILs  have  mostly  been  based 
on  the  imidazolium  class  of  ILs,  [7-10]  but  also  others  such  as 
phosphonium-based  ILs  have  been  used  to  create  SC.  [24]  Some  of 
these  are  considered  fairly  safe  and  non-toxic,  for  example  1-ethyl- 
3-methylimidazolium  ethyl  sulfate  (EcoEng)  has  been  marketed  as 
a  greener  alternative.  But  the  most  used  and  some  of  the  best 
imidazolium  SCs  have  been  made  using  fluorinated  anions,  such  as 
1  -ethyl-3-methylimidazolium  bis(trifluoromethylsulfonyl)imide 
(EMIM:TFSI)  or  BF4  and  PF4  salts.  Organofluoride  compounds  are 
not  a  natural  part  of  our  ecosystem;  they  release  toxic  fumes  when 
burned  and  should  be  avoided  in  widely  spread  devices,  such  as  are 
targeted  here. 

We  have  instead  investigated  and  used  ionic  liquids  based  on 
choline  chloride  (ChoCl).  ChoCl  is  a  quaternary  ammonium  salt  and 
is  widely  used  as  chicken  food  additive  to  accelerate  growth.  We 
have  used  mixtures  of  ChoCl  and  urea,  oxalinic  acid,  ethylene  glycol 
and  sorbitol.  Blending  these  create  deep  eutectic  solvents  that  have 
similar  properties  to  ILs  [25,26  .  These  solvents  are  liquids  or  semi¬ 
liquids  (syrup/gel)  at  room  temperature.  These  ILs  and  EcoEng  are 
here  used  to  create  environmentally  friendly  supercapacitors  on 
paper.  The  IL  EMIM:TFSI  is  used  as  a  reference  to  compare  the 
different  ILs.  To  minimize  the  impact  on  the  environment  and 
create  fully  recyclable  and/or  biodegradable  devices,  the  devices 
are  printed  on  a  paper  substrate. 

The  electrodes  used,  in  the  laminated  large  supercapacitors 
presented  in  this  paper,  are  printed  using  a  rotary  screen  printer  in 
a  pilot  scale  production  line.  Several  meters  (~30  m)  of  electrodes 
were  printed  and  stored  on  a  10  cm  in  diameter  roll  without 
delamination.  The  rest  of  the  devices  are  fabricated  on  a  laboratory 
scale  using  roll-to-roll  (R2R)  compatible  technologies.  So  the  final 
steps,  including  screen  printing  the  IL,  addition  of  the  separator  and 
lamination,  could  easily  be  scaled  up  to  pilot  scale  production  as 
well. 

2.  Experimental 

The  deep  eutectic  solvents  (referred  to  as  ILs  in  this  paper)  are 
created  by  mixing:  ChoCl  with  different  hydrogen  bond  donors. 
Mixtures  with  urea,  oxalic  acid  and  ethylene  glycol  were  purchased 
from  Scionix  Ltd  (Reline™,  Oxaline™  and  Glyceline™  respectively). 
For  the  sorbitol  variant  we  mixed  ChoCl  with  sorbitol  (1:1  mol%) 
and  heated  it  at  60  °C  for  24  h  to  create  the  IL  here  called  CSorb. 

To  characterize  the  devices  two  different  supercapacitor  struc¬ 
tures  were  used  in  this  paper;  one  type  for  measuring  on  a  “stan¬ 
dardized”  SC  and  a  second  type  with  gold  electrodes  to  clarify  the 
role  of  the  electrolyte/activated  carbon  interactions  in  the  SC.  In  the 
first  standardized  SC  structure  the  different  ionic  liquids  are 
sandwiched  between  two  reference  activated  carbon  electrodes 
printed  on  PET  film.  The  electrodes  are  separated  using  a  rubber  O- 
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ring,  to  ensure  that  consistent  spacing  is  used  in  all  measurements, 
creating  a  parallel  plate  capacitor.  This  is  done  so  that  the  ILs  can  be 
compared  to  each  other  while  keeping  the  electrodes  and  their 
configuration  as  similar  as  possible.  The  activated  carbon  electrodes 
combined  with  the  different  ILs  are  then  characterized  using  elec¬ 
trical  impedance  spectroscopy.  The  ILs  are  also  measured  in  a 
configuration  using  flat  gold  electrodes  to  more  clearly  see  the  IL 
effect.  By  comparing  them  to  the  standardized  SC,  one  can  more 
easily  clarify  the  effect  of  using  activated  carbon  containing  a  wide 
range  of  pore  sizes.  The  devices  made  in  the  “commercial” 
approach,  using  R2R  printed  electrodes  and  R2R  compatible  device 
manufacturing,  were  characterized  in  the  same  manner.  Here  the 
PET  substrate  for  the  electrodes  is  replaced  with  aluminum  coated 
paper  (standard  paper  packing  material)  and  a  paper  separator  is 
used  to  minimize  the  distance  between  the  electrodes  without 
short  circuiting  the  device.  These  devices  were  also  bigger,  having  a 
capacitor  area  of  56  cm2.  The  device  was  encapsulated  by  lami¬ 
nating  it  between  two  pieces  of  plastic  using  a  standard  office 
laminator.  These  supercapacitors  were  characterized  with  cyclic 
charge-discharge  measurements  (IEC  62391  standard)  to  see  how 
good  they  would  perform  as  a  commercial  device. 

In  the  standardized  SC  structure,  a  100  pm  thick  PET  laminated 
with  a  7  pm  aluminum  layer  was  used  as  substrate.  As  we  are  using 
polar  ionic  liquids  which  contain  water  and  chlorides,  and  would 
inevitably  oxidize  (corrode)  the  aluminum  electrodes  within  days, 
a  layer  of  dense  graphite  ink  (Acheson  PF407A)  is  used  to  coat  the 
aluminum  to  prevent  this  oxidation/corrosion.  The  ink  was  screen 
printed  and  cured  at  95  °C.  To  finalize  the  electrodes  and  supply  the 
large  area  functionality,  a  70  pm  thick  layer  of  activated  carbon 
(Norit  DLC  Super  30)  is  screen  printed  and  dried  at  room  temper¬ 
ature  on  top  of  the  first  carbon  layer  to  create  a  layer  that  has  a 
geometrical  area  of  1  cm2.  The  AC  was  printed  as  a  water-based  ink 
that  contained  activated  carbon  and  chitosan  (ChitoClear  fg90, 
Primex)  binder  in  weight  ratio  20:1.  Approximately  60%  water  and 
1.5%  acetic  acid  was  used  as  the  solvent  (the  water  amount  was 
used  to  adjust  the  viscosity  of  the  ink).  Excluding  the  effect  of  the 
chitosan,  the  pure  activated  carbon,  in  this  lxl  cm2  printed  patch 
has  a  total  surface  area  (B.E.T.)  of  1600  m2/gas  reported  by  the 
manufacturer.  By  using  this  value  and  the  measured  (by  physical 
removal  of  the  electrode)  mass  (5.62  mg  cm-2)  of  the  AC  electrodes 
(one  half  cell)  the  active  area  comes  to  roughly  9.0  m2  cm-2  of 
capacitor  surface.  The  mass  and  thickness  (measured  using 
micrometer  screw)  (70  pm)  of  the  AC  electrode  was  then  used  to 
calculate  the  electrode  density.  The  density  of  pure  graphite  is 
2.23  g  cm-3  and  was  used  to  calculate  the  total  volume  of  all  voids 
in  the  AC  electrode.  It  was  calculated  that  64%  of  the  electrode  was 
empty  space.  The  theoretical  amount  of  IL  that  would  be  absorbed 
into  one  capacitor  is  then  2  x  4.5  pL  cnrT2.  The  AC  electrodes  are 
then  submerged  in  the  different  ILs  and  left  for  at  least  15  min  in 


order  for  the  IL  penetrate  all  the  pores  in  the  AC.  A  rubber  O-ring  is 
then  used  as  a  separator,  in  the  measurement  setup,  to  create  a 
0.8  cm2  capacitor  with  1.3  mm  separation  between  the  electrodes. 

In  the  commercial  capacitor  structure  aluminum  coated  paper, 
Walki  Pantenna  Laminate,  was  used  as  the  substrate.  The  paper  was 
originally  developed  for  use  as  substrate  for  RFID-antennas  and  the 
paper  has  a  thin  coat  of  plastic  on  both  sides,  one  of  which  has  an 
aluminum  coat.  The  electrodes  were  printed  on  the  aluminum  side. 
The  electrodes  were  printed  on  a  pilot  scale  production  line  using  a 
rotary  screen  printer  running  at  2  m  min'1  and  using  screen  mesh 
64  (threads/inch).  The  same  graphite  ink  and  AC  ink  was  used  as 
described  above.  The  electrodes  were  dried  at  140  °C  for  2  min 
directly  after  each  printing  step  using  4  ovens.  The  roll  was  then 
transferred  to  a  new  machine,  where  two  further  drying  steps  were 
performed  to  ensure  full  drying,  maximal  adhesion  and  maximal 
conductivity.  The  two  final  steps  comprised  of  12  s  heating  using  a 
5  kW  IR  lamp  and  2  min  using  four  140  °C  ovens.  The  two  first 
printing  and  heating  steps  were  done  at  a  speed  of  2  m  min”1  and 
the  final  two  extra  heating  steps  at  1.5  m  min”1. 

The  geometrical  electrode  area  in  the  “commercial”  printing 
trail  was  112  cm2,  the  graphite  layer  thickness  18  pm  and  the  AC 
thickness  85  pm.  The  former  was  measured  using  a  Veeco  Wyko 
NT3300  white-light  interferometer  and  the  latter  using  a  micro¬ 
meter  screw.  The  measured  mass  of  the  AC  in  these  electrodes  (one 
half  cell)  is  3.91  mg  cm”2.  The  different  ILs  were  then  screen  printed 
on  top  of/into  the  AC  electrodes,  using  two  passes  on  a  flatbed 
screen  printer  (screen  mesh  25)  to  ensure  pore  filling  (the  filling 
occurred  during  the  printing  process,  as  seen  by  the  naked  eye). 
Using  the  same  method  as  described  above,  the  active  electrode 
area  of  one  half  cell  comes  to  6.3  m2  cm-2  and  the  total  volume  of 
empty  space  79%  of  the  total  electrode  volume.  According  to  this 
2  x  6.7  pL  cm”2  will  be  absorbed  into  the  AC  electrode.  As  these  AC 
electrodes  are  less  dense  than  the  ones  used  in  the  standardized  SC 
(due  to  differences  in  processing),  the  internal  resistance  will  likely 
be  larger  as  the  individual  carbon  grains  are  further  apart.  On  the 
other  hand,  it  might  be  that  as  the  grains  are  less  densely  packed,  a 
larger  surface  area  might  be  available  for  the  electric  double  layers 
to  form. 

In  order  to  save  material  the  electrodes  produced  (112  cm2) 
were  cut  in  half  and  the  area  used  for  each  supercapacitor  was 
56  cm2.  A  NKK  TF40-50  cellulose  paper  was  used  as  a  separator  in 
these  devices.  The  thickness  of  the  paper  is  about  50  pm  (this 
separator  absorbs  some  of  the  extra  IL  used).  In  order  to  achieve  a 
practical  component,  the  supercapacitors  were  then  laminated 
using  standard  office  heat  lamination  equipment,  creating  a 
roughly  0.6-0.7  mm  thick  encapsulated  package.  The  structure  of 
the  commercial  approach  can  be  seen  in  Fig.  1.  The  impedance 
spectroscopy  was  performed  by  running  in  tripolar  potentiostatic 
mode  using  a  Gamry  600  Impedance  Spectrometer.  The  confocal 
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Fig.  1.  (a)  Internal  structure  and  thicknesses  of  the  laminated  supercapacitors  and  (b)  a  photograph  of  a  laminated  56  cm2  commercial  SC  fabricated  on  paper. 
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Fig.  2.  (a)  A  stitched  7  mm  x  6.7  mm  confocal  image  of  the  AC  surface  and  a  profile  of  the  red  line  is  plotted  in  (b).  (For  interpretation  of  the  references  to  color  in  this  figure  legend, 
the  reader  is  referred  to  the  web  version  of  this  article.) 


optical  white-light  microscopy  image  was  recorded  with  a  Nano¬ 
focus  pSurf  microscope.  A  10 x  (primary  image  size  1.6  x  1.54  mm) 
magnifying  lens  was  used,  and  the  image  recorded  is  a  5  x  5  stitch, 
giving  a  total  image  size  of  7  x  6.7  mm. 

3.  Results  and  discussion 

A  confocal  microscopy  image  including  a  profile  of  the  printed 
activated  carbon  electrodes  can  be  seen  in  Fig.  2.  There  is  a  pattern 
of  hills  and  valleys  with  regular  intervals  in  the  film.  This  is  a  result 
of  the  screen  mesh  used  in  printing  of  the  AC  electrode.  Some 
pinholes,  down  to  the  underlying  carbon  layer,  can  also  be  seen  that 
are  around  80  pm  deep  corresponding  to  the  film  thickness.  Some 
peaks  on  the  same  length  scale,  probably  caused  by  clogging  and 
subsequent  release  of  extra  material  in  the  next  printing  pass,  can 
also  be  seen.  As  such,  neither  of  them  have  any  significant  effect  on 
the  supercapacitor  performance. 

In  the  impedance  spectroscopy  measurements  the  frequency 
was  scanned  from  1  MHz  to  100  mHz.  The  capacitance,  C,  was 
calculated  using  C  =  l/(-Zim27r/A),  where  ZIm  is  the  imaginary  part 
of  the  impedance,  /  is  the  frequency  and  A  is  the  area  of  the 
capacitor  [27].  The  conductivity,  er,  was  calculated  using  o  =  d/ 
(AZRe),  where  d  is  the  separation  and  ZRe  is  the  real  part  of  the 
impedance  [27  .  The  Nyquist  plot  seen  in  Fig.  3  is  plotted  in  log-log 
scale  to  better  show  the  large  difference  observed  for  the  different 


Fig.  3.  Nyquist  plot  of  the  0.8  cm2  standardized  SC  fabricated  using  different  ILs.  The 
axes  are  plotted  on  logarithmic  scales  due  to  the  large  differences  in  the  impedances. 


ILs.  The  ionic  liquid  EMIM:TFSI  is  used  as  a  reference  to  compare  the 
environmentally  friendly  ILs  to.  It  is  clear  that  the  internal  re¬ 
sistances  of  the  environmentally  friendly  ILs  are  larger  than  that  of 
the  reference.  This  is  mainly  due  to  differences  in  viscosity  and 
hence  ion  mobility.  Of  the  alternative  ionic  liquids  EcoEng  has  the 
lowest  and  CSorb  largest  internal  resistance.  Viscosity  plays  a  large 
role  here  as  CSorb  clearly  is  the  most  viscous  at  room  temperature 
(thick  paste)  followed  by  Reline  and  so  on,  mapping  the  internal 
resistance  values.  From  the  capacitance  graph  in  Fig.  4  it  can  be  seen 
that  the  same  trend  is  present  here  where  the  capacitance  curve  for 
CSorb  is  shifted  towards  lower  frequencies  compared  to  the  others. 
The  conductivity  curves  in  Fig.  4  are  also  in  agreement  with  this 
conclusion.  A  measurement  was  done  for  a  Reline  SC  (high  vis¬ 
cosity),  to  test  this  conclusion,  where  the  real  part  of  the  impedance 
( °c  internal  resistance)  at  100  kHz  was  plotted  as  a  function  of  the  IL 
temperature  (not  shown).  The  impedance  was  measured  to  be  4.4  Q 
at  93.5  °C  and  243  Q  at  24  °C  confirming  the  conclusion  above. 
However,  for  low-power  applications  of  a  supercapacitor  a  large 
internal  resistance  might  not  be  an  obstacle. 

As  the  AC  contains  several  different  ranges  of  pore  sizes,  the  size 
of  the  IL  molecule  and  stacking  as  well  as  wetting  of  the  pores  can 
be  crucial  for  the  performance  of  the  capacitor  28].  An  IL  that  forms 
large  hydrogen  bonded  matrices  might  not  reach  the  smaller  pores 
resulting  in  lower  capacitances  or  if  the  wetting  behavior  is  not 
optimal  erroneous  values  will  be  measured  (i.e.  more  a  SC  device 
issue  than  an  IL  issue).  To  investigate  if  that  is  the  case  and  find 
more  “true”  characteristics  for  the  ILs,  smooth  evaporated  gold 
electrodes  were  used  to  create  parallel  plate  capacitors  using  the 
environmentally  friendly  ILs  as  electrolyte,  and  again  comparing 
them  to  the  EMIM:TFSI  standard.  The  phase  angle  of  the  impedance 
measurements  was  used  to  determine  at  which  frequencies  the 
capacitor  turns  capacitive.  When  the  phase  angle  is  around  -90°  it 
is  capacitive  and  more  resistive  at  lower  angles.  It  can  be  seen  from 
Fig.  5  (smooth  electrodes)  that  EcoEng  (and  EMIM:TFSI)  is  capaci¬ 
tive  at  much  higher  frequencies  compared  to  the  others  whereas  in 
Fig.  4  (porous  electrodes)  the  capacitance  curve  of  EcoEng  follows 
the  same  line  as  the  other  (better)  ones.  This  apparent  inconsis¬ 
tency  between  the  smooth-  and  the  porous-electrode-SCs  could  be 
explained  by  different  wetting  properties  where  the  motion  of 
EcoEng  into  the  pores  might  be  more  obstructed  than  for  the  other 
ILs.  According  to  these  experiments  none  of  the  ILs  can  definitely  be 
excluded  as  candidates  for  use  in  environmentally  friendly 
supercapacitors. 

The  “commercial”  supercapacitors  manufactured  on  paper  were 
characterized  using  cyclic  charge-discharge  in  constant  current 
discharge  mode  according  to  the  IEC  62391  standard.  [29  An 
example  of  such  a  cycle  applied  on  a  SC  can  be  seen  in  Fig.  6.  The 
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Fig.  4.  The  capacitance,  above,  and  conductivity,  below,  of  the  0.8  cm2  standardized  SC 
fabricated  on  PET. 


minimum  and  maximum  voltage  applied  in  these  measurements  is 
0.2  V  and  1.5  V,  respectively.  Depending  on  the  speed  at  which  the 
capacitors  could  be  charged,  the  current  applied  ranged  between 
2  mA  and  20  mA.  The  capacitor  is  first  charged  and  discharged  three 
times  at  constant  current.  This  is  done  to  ensure  that  all  the  ca¬ 
pacitors  have  had  the  same  history  and  also  that  all  the  pores  in  the 
AC  electrodes  are  filled.  During  the  next  step  (30  min)  the  amount 
of  current  needed  to  keep  the  capacitor  charged  at  maximum 
voltage  is  measured.  This  is  done  to  make  sure  the  capacitor  it 
properly  charged  before  the  capacitor  is  discharged  at  a  constant 
current.  During  this  discharge  step  the  characteristic  electrical 
values  for  the  capacitor  are  defined.  They  include  the  capacitance, 
C  =  /(t2  -  t\ )/( V2  -  Vi),  where  I  is  the  discharge  current  and  t\,  X.2 ,  V\ 
and  V2  are  the  times  and  voltages  that  describe  the  slope  of  the 
voltage  drop  during  the  step,  the  internal  resistance,  R{  =  AV/J, 
where  AU  is  the  voltage  difference  between  the  maximum  voltage, 
Umax,  and  the  voltage  at  the  intersection  of  the  above  mentioned 
slope  and  the  time  at  the  start  of  this  step.  The  maximum  energy 
stored  in  the  device,  WMax,  for  a  capacitor,  C,  with  the  internal 


Fig.  5.  Phase  angle  of  the  ILs  sandwiched  between  0.5  cm2  Au  electrodes  evaporated 
on  glass.  The  electrodes  were  separated  by  100  pm. 


Fig.  6.  Example  output  of  one  cyclic  charge-discharge  measurement. 


resistance  (connected  in  series),  R[,  connected  in  parallel  to  an 
external  load,  ftL,  is  calculated  using  WMax  =  ^CVmax-  [1] 
Umax  =  1.5  V  has  been  used  for  all  devices  since  this  was  the 
value  used  in  the  CCD  measurements.  A  common  voltage  was 
chosen  for  all  the  different  SCs  so  that  they  could  be  compared  to 
each  other  and  simultaneously  keep  the  leakage  current  low.  The 
actual  maximum  voltage  for  all  the  different  electrolytes  is  also 
difficult  to  determine  since  there  is  no  sharp  increase  in  the  cyclic 
voltammetry  measurements  (not  shown).  Using  a  higher  voltage 
would  directly  improve  the  device  characteristics.  The  energy 
available  at  the  load,  WL,  can  then  be  calculated  using: 

WL  =  RLWMm/(RL  +  Ri)  (1) 

and  the  power  available  at  the  load,  Pc. 

Pl  =  V^axRl/(Rl  +  R\)2-  (2) 

The  maximum  available  power  at  the  load,  PMax,  is  then  found  in 
the  special,  impedance  matching,  case  when  Ri  =  R[.  After  the 
discharge  the  capacitor  is  charged  to  Umax  and  kept  there  for  an 
hour.  The  leakage  current,  /leak,  is  then  defined  as  the  current  at  the 
end  of  this  60  min  step.  Finally  the  capacitor  is  discharged  to 
VjvnN  =  0.2  V.  The  maximum  voltage  used  is  1.5  V.  The  different 
values  obtained  for  each  IL  is  shown  in  Table  1.  The  values  reported 
correspond  to  a  one  square  centimeter  capacitor.  The  values  have 
been  calculated  as  if  the  capacitor  was  constructed  of  56  capacitors 
connected  in  parallel.  CSorb  has  the  lowest  capacitance  and  highest 
internal  resistance.  This  is  mainly  due  to  its  high  viscosity  at  room 
temperature  resulting  in  poor  ion  conductivity  and  wetting  prop¬ 
erties.  Even  though  EcoEng  has  slightly  higher  internal  resistance 
than  e.g.  EMIM:TFSI  the  capacitance  is  still  very  high.  Overall, 
Glyceline  out-performs  the  other  ILs  including  EMIM-TFSI  and 
EcoEng.  It  has  the  highest  capacitance  and  lowest  internal  resis¬ 
tance.  Comparing  the  internal  resistances  of  the  different  electro¬ 
lytes  in  the  standardized  versus  the  commercial  SC  structure  it  can 
be  seen  that  Glyceline  and  EcoEng  are  in  reverse  order  in  the  two 
structures.  The  reason  for  this  might  be  different  wetting  properties 


Table  1 

Summary  of  the  electrical  characteristics  of  the  56  cm2  commercial  SC  fabricated  on 
paper. 


Ionic  liquid 

C 

[mF  cm  2] 

Ri 

[kO  cm’2] 

Wmax 

[pWh  cm  2] 

Av IAX 

[pW  cm  2] 

Jleak 

[pA  cm~2] 

EcoEng 

173 

1 

54 

554 

7 

EMIM:TFSI 

148 

0.7 

46 

793 

3 

Glyceline 

173 

0.3 

54 

1614 

11 

Oxaline 

127 

2 

40 

244 

61 

CSorb 

44 

13 

14 

45 

9 
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Cycles 

Fig.  7.  Cyclic  charge  and  discharge  measurement  of  a  1  cm2  Glyceline  SC.  The  black 
curve  represents  the  capacitance  for  each  cycle  and  the  red  curve  the  temperature.  (For 
interpretation  of  the  references  to  color  in  this  figure  legend,  the  reader  is  referred  to 
the  web  version  of  this  article.) 

for  the  materials  in  the  two  different  structures  when  using  the 
chosen  commercial  fabrication  processes.  Glyceline  also  has  the 
highest  internal  energy  and  power  density.  This  is  surprising  as  it 
does  not  have  the  highest  conductivity  nor  so  different  structure 
compared  to  the  other  Choline-chloride  based  ILs.  One  explanation 
could  be  that  the  relative  small  ion  size  of  chloride  (compared  to  for 
example  TFSI)  in  the  case  of  Glyceline  plays  a  role;  as  it  might  not  be 
as  “solvated”  (or  clustered)  in  ethylene  glycol  as  in  the  other  cases 
and  hence  more  easily  get  attracted  to  the  AC  surface,  and  hence 
pack  more  densely.  Another,  perhaps  more  likely  explanation  is 
that  the  differences  in  wetting  and  pore  penetration  might  be  very 
different  for  the  different  ILs,  and  if  for  example  Glyceline  is  good  at 
wetting  all  surfaces,  the  active  surface  area  accessible  will  be 
higher. 

To  clarify  the  cycling  stability  of  these  environmentally  friendly 
SCs  smaller  1  cm2  Glyceline  SC  were  fabricated  and  laminated  on 
PET.  The  small  size  was  chosen  in  order  to  increase  the  speed  at 
which  the  device  could  be  charged  and  discharged.  In  order  to 
minimize  the  possible  effect  of  water  the  SC  was  charged  between 
0.2  V  and  1.2  V  at  ±0.003  A  for  a  total  of  10,000  cycles.  The 
capacitance  was  calculated  and  normalized  for  each  individual 
cycle  and  the  results  are  plotted  in  Fig  7.  The  temperature  of  the 
measuring  atmosphere  has  also  been  included  in  the  graph.  It  can 
be  seen  that  an  initial  decrease  in  capacitance  is  present.  This  is 
most  likely  due  to  the  shape  of  the  laminated  capacitor  reaching  a 
stable  form  (trapped  air  moving  around).  After  that  the  capacitance 
remains  effectively  unchanged  for  the  reminder  of  the  10,000  cycle 
measurement.  The  small  variations  observed  perfectly  follow  the 
change  in  the  room  temperature. 

The  operating  window  of  these  supercapacitors  can  be 
increased  directly  by  increasing  the  voltage  (Umax)  used,  cyclic 
voltammetry  measurements  performed  up  to  2.5  V  confirm  this 
(not  shown),  or  by  connecting  several  layers  in  parallel.  The  Umax 
will  be  different  depending  on  the  IL  and  water  content,  so  further 
studies  will  be  needed.  In  this  study,  however,  only  the  feasibility  of 
using  these  ILs  as  electrolyte  in  printed  supercapacitors  was 


Table  2 

Electrical  values  for  the  56  cm2  commercial  SC  on  paper  given  per  kilogram  of  AC 
carbon  used  in  the  capacitor. 


Ionic  liquid 

C  [1<F  kg  b 

Wmax  [Wh  kg^1] 

Pmax  [ W  kg  1  ] 

EcoEng 

22 

7 

71 

EMIM:TFSI 

19 

6 

101 

Glyceline 

22 

7 

206 

Oxaline 

16 

5 

31 

CSorb 

6 

2 

6 

Fig.  8.  A  Ragone  plot  of  the  different  56  cm2  commercial  supercapacitors. 


investigated  and  further  studies  on  electrochemical  window,  in¬ 
fluence  of  water  content  and  possible  balancing  issues  when  series 
connecting  will  be  needed.  To  give  more  comparable  values,  in 
Table  2  the  same  characteristic  values  (reported  in  Table  1)  have 
been  reported  per  kilogram  of  activated  carbon  used  in  the  SCs. 
Also,  by  using  Equations  ( 1 )  and  (2)  the  available  power  density  and 
available  energy  density  for  an  external  load  connected  to  the 
different  IL  SCs  have  been  plotted  in  a  Ragone  chart.  The  values 
have  been  scaled  by  the  mass  of  the  AC  used  in  the  devices  and 
plotted  for  different  external  loads  ranging  from  RL  =  R\  to 
Ri  ~  500Ri.  From  Fig.  8  it  can  be  seen  that  the  Glyceline  SC  has  the 
highest  power  compared  to  the  other  IL  SCs,  including  the  reference 
IL  SCs.  In  order  to  better  understand  how  these  SCs  perform  a 
comparison  with  commercially  available  SCs  is  made.  A  few  ap¬ 
proximations  are  done  in  the  following  discussion,  in  order  for  the 
comparison  to  be  useful.  This  is  due  to  the  fact  that  our  devices  are 
done  on  a  laboratory  scale  and  are  measured  at  lower  voltages  than 
the  commercially  available  ones.  Energy-  and  power  density  values 
for  commercial  SCs  with  organic  electrolytes  have  been  reported  by 
A.  Burke.  [30  Compared  to  those,  our  SC  energy  density  is  on  the 
same  level.  Our  maximum  energy  density  (for  the  Glyceline  SC)  is 
about  7  Wh  kg-1  when  calculated  using  1.5  V  potential.  The  value 
should  be  multiplied  by  2.72/1.52  if  the  potential  was  2.7  V  instead 
of  1.5  V,  resulting  in  an  energy  density  of  22  Wh  kg-1.  If  25%  of  the 
mass  (as  is  typical  for  the  SCs  listed  in  Ref.  [30])  of  the  complete  SC 
is  AC,  this  would  correspond  to  about  5  Wh  kg'1  in  a  complete  SC 
component.  Typical  values  for  e.g.  Maxwell's  and  Nesscap's  SCs  are 
also  about  5  Wh  kg'1.  On  the  other  hand,  our  power  densities  are 
clearly  lower  compared  to  the  commercially  available  ones.  Again, 
to  make  a  valid  comparison,  our  values  should  be  modified  in  order 
to  compensate  for  the  potential-  and  structural  difference.  The 
same  commercial  Maxwell  and  Nesscap  SCs  have  matched 
impedance  power  densities  around  8-10  kW  kg'1.  This  is  on  the 
order  of  50  times  higher  than  the  power  densities  in  our  devices. 
This  is  partially  due  to  the  non-optimized  SC  geometry,  but  the 
main  reason  is  the  relatively  low  conductivity  of  our  ionic  liquid 
electrolytes.  Together  these  two  factors  increase  the  equivalent 
series  resistance,  resulting  in  lower  power  densities.  As  a  cheap  and 
“green”  alternative,  and  in  applications  where  high  power  is  not 
necessarily  required,  these  environmentally  friendly  SCs  can  be  a 
viable  alternative. 

4.  Conclusions 

Non-Faradaic  supercapacitors  made  with  printing  techniques, 
using  symmetrical  activated  carbon  electrodes  and  environmentally 
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friendly  ionic  liquids  as  electrolyte  were  investigated  as  an  envi¬ 
ronmentally  friendly  power  source.  The  whole  device  is  printed  with 
existing  printing  and  lamination  equipment  onto  commercial  ma¬ 
terials,  including  the  electrodes  which  were  printed  using  a  pilot 
scale  printer.  The  approach  can  easily  be  up  scaled  to  pilot  scale  and 
even  industrial  scale  with  minor  effort.  As  the  device  is  environ¬ 
mentally  friendly;  with  commercial  grade  of  a  paper  substrate, 
activated  carbon  electrodes  and  ionic  liquids  based  on  choline 
chloride,  and  the  materials  and  fabrication  processes  are  inexpensive 
-  we  propose  these  SCs  to  be  used  both  in  large  and  small  size  ap¬ 
plications  that  require  burnable  and/or  recyclable  materials.  Cyclic 
charge-discharge  measurements  and  impedance  spectroscopy 
measurements  on  the  different  ionic  liquids  showed  that  Glyceline™ 
not  only  outperformed  the  other  environmentally  friendly  ionic 
liquids  including  EcoEng™,  but  also  reference  ionic  liquid 
EMIM:TFSI.  Further  work  on  why  Glyceline™  was  especially  good 
and  cost  analyzes  when  scaling  up  this  approach  is  needed,  before  a 
commercial  viable  product  can  be  reached.  The  performances  of 
these  SCs  are,  however,  excellent  for  this  purpose. 
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